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a b s t r a c t
DMRT1 encodes a conserved transcription factor with an essential role in gonadal function. In the chicken,
DMRT1 in located on the Z sex chromosome and is currently the best candidate master regulator of avian
gonadal sex differentiation. We previously showed that knockdown of DMRT1 expression during the period
of sexual differentiation induces feminisation of male embryonic chicken gonads. This gene is therefore
necessary for proper testis development in the chicken. However, whether it is sufﬁcient to induce testicular
differentiation has remained unresolved. We show here that over-expression of DMRT1 induces male
pathway genes and antagonises the female pathway in embryonic chicken gonads. Ectopic DMRT1
expression in female gonads induces localised SOX9 and AMH expression. It also induces expression of
the recently identiﬁed Z-linked male factor, Hemogen (HEMGN). Masculinised gonads show evidence of
cord-like structures and retarded female-type cortical development. Furthermore, expression of the critical
feminising enzyme, aromatase, is reduced in the presence of over-expressed DMRT1. These data indicate that
DMRT1 is an essential sex-linked regulator of gonadal differentiation in avians, and that it likely acts via a
dosage mechanism established through the lack of global Z dosage compensation in birds.
& 2014 Elsevier Inc. All rights reserved.
Introduction
In most vertebrates, sex is determined genetically by the differ-
ential inheritance of sex chromosomes. Sex-linked genes initiate
sexually dimorphic pathways during development, the most well
known of these being gonadal sex differentiation. In eutherian
mammals, the Y chromosome-linked gene SRY controls testicular
development during embryogenesis. In the absence of SRY, as in XX
embryos, the gonads follow the female pathway and become ovaries,
while ectopic expression of an Sry transgene in XX mouse embryos is
sufﬁcient to trigger full male somatic development (Koopman et al.,
1991; DeFalco and Capel, 2009). SRY is therefore considered the
“master sex determinant” among therian mammals. However, the
gene is absent from monotremes and all non-mammals, indicating
that other genes must control gonadal sex differentiation in other
vertebrates. Among teleost ﬁshes, somemaster determinants that are
unrelated to SRY have recently been identiﬁed. In the Patagonian
pejerrey (Odontesthes hatcheri), a duplicated copy of Anti-Müllerian
Hormone (amhy) is located on the male-speciﬁc Y chromosome, and
likely operates as the master sex determinant (Hattori et al., 2012). In
other vertebrates, AMH is a downstream component of the gonadal
sex differentiation pathway. In the rainbow trout (Oncorhynchus
mykiss), an immune-related gene, sdY, is the master sex regulator
in the gonads. This gene is located on the male-speciﬁc Y chromo-
some, its knockout induces ovarian development in genetic males
and its over-expression induces testicular development in genetic
females (Yano et al., 2012).
The data from mammals and ﬁshes indicate that master regula-
tors of gonadal sex differentiation can evolve rapidly. However, one
deeply conserved regulator of gonadogenesis is Doublesex andMab-3
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Related Transcription Factor, #1 (DMRT1). This gene encodes a
transcription factor with a conserved DNA-binding motif, the DM
domain (Raymond et al., 1998; Burtis and Baker, 1989). DMRT1
is highly expressed in the developing gonads of male embryos,
from ﬁshes through to reptiles, birds and mammals (Kettlewell
et al., 2000; Raymond et al., 1999; Smith et al., 1999a; De Grandi
et al., 2000; Marchand et al., 2000; Moniot et al., 2000; Aoyama et al.,
2003; Kim et al., 2003; Kobayashi et al., 2004; Yoshimoto et al., 2010;
Masuyama et al., 2012). In the medaka ﬁsh, a duplicated copy of
DMRT1 translocated to the Y sex chromosome (DMY/Dmrt1bY) is the
master sex determinant. It is required for testicular differentiation,
and knockdown induces male-to-female sex reversal (Matsuda et al.,
2002, 2007; Nanda et al., 2002; Kobayashi et al., 2004). Similarly, in
Xenopus, a divergent copy of DMRT1, DM-W, is located on the female
W sex chromosome and antagonises the testis-promoting action of
autosomal DMRT1 (Yoshimoto et al., 2008, 2010).
In mammals, DMRT1 plays an essential role in testis development
and function (Matson and Zarkower, 2012). Deletions of DMRT1 in
humans are associated with male-to-female sex reversal and germ
cell tumours (Bennett et al., 1993; Veitia et al., 1997; Raymond et al.,
1998; Kanetsky et al., 2011). The phenotype seen in humans is
consistent with sites of expression in the mouse. In the mouse
embryo, DMRT1 expression is restricted to the urogenital system,
namely, within the Sertoli cell lineage and in germ cells of the
developing testis, with lower expression in developing ovaries.
Sertoli cells play an organisational role in the testis, coalescing into
seminiferous cords and sending differentiation cues to other cell
types. Dmrt1 null mice show aberrant testicular development post-
natally, characterised by Sertoli and germ cell dysfunction (Raymond
et al., 2000). DMRT1 is required autonomously in both cell types
(Kim et al., 2007; Krentz et al., 2009; Matson et al., 2010). Conditional
deletion of DMRT1 in adult mice causes trans-differentiation of testes
into an ovarian phenotype. Sertoli cells become re-programmed
towards a female (granulosa) cell fate. They down-regulate male-
promoting transcripts, such as SOX9, and up-regulate key female
transcripts, such as FOXL2, and they begin to synthesise estrogens
(Matson et al., 2011). DMRT1 is therefore continuously required to
maintain the testicular phenotype in adulthood. Despite an essential
postnatal role for DMRT1 in mammals, embryonic development of
the testis does not require the gene. DMRT1 is therefore considered a
downstream component of the molecular hierarchy leading to
testicular morphogenesis in mammals.
DMRT1 is autosomal in mammals, but is sex-linked in birds.
Birds have a ZZ male: ZW female sex chromosome system,
characterised by a lack of global Z dosage compensation. Hence,
most Z-linked genes are, on average, expressed 1.5–2 folds higher
in males (ZZ) compared to females (ZW) (Itoh et al., 2007; Zhang
et al., 2010; Arnold et al., 2008). In the chicken embryo, DMRT1 is
expressed in the developing gonads of both sexes but, being
Z-linked, is more highly expressed in males versus females
(Raymond et al., 1999; Smith et al., 1999b; Shan et al., 2000).
The sex-linkage and male up-regulation of DMRT1makes this gene
a prime candidate master regulator of gonadal sex differentiation
in the avian embryo. We previously used an RNA interference
approach to knockdown endogenous DMRT1 expression in early
chicken embryos, which caused feminisation of genetic males. The
gonads exhibited disrupted testis cord organisation and reduced
SOX9 expression, together with up-regulation of two key female
genes, FOXL2 and aromatase (which synthesises oestrogen) (Smith
et al., 2009). These ﬁndings showed that DMRT1 is necessary for
proper testis development in the chicken. However, it is unclear
whether DMRT1 is sufﬁcient to engage the male pathway.
Furthermore, the possibility exists that other Z-linked genes could
act up- or downstream of DMRT1. Indeed, most recently, another
Z-linked male factor has been identiﬁed, Hemogen (HEMGN),
which is involved in testicular differentiation in the chicken
embryo. Over-expression of HEMGN in female embryos can cause
elevation of both DMRT1 and SOX9 expression, together with
down-regulation of FOXL2 and aromatase (Nakata et al., 2013).
The aim of the current study was to deﬁne the temporal relation-
ship between DMRT1 and HEMGN expression and to test the
ability of DMRT1 to activate the male developmental pathway. We
ﬁnd that DMRT1 clearly precedes HEMGN expression and that
over-expression of DMRT1 in female gonads can induce male
pathway genes. In addition, it reduces expression of the critical
female gene, aromatase. These data support the view that DMRT1
is a key Z-linked regulator of testicular morphogenesis in the
avian model.
Methods
DMRT1 over-expression
To assess the effects of DMRT1 over-expression in chicken
embryonic gonads, we used in ovo electroporation of the avian
retroviral vector, RCASBP (Fekete and Cepko, 1993; Logan and
Tabin, 1998). This vector is replication competent, so that is can
spread horizontally to neighbouring cells as well as vertically to
daughter cells following initial infection. The complete chicken
DMRT1 open reading frame was obtained by PCR and 50 RACE,
sequence veriﬁed and cloned into RCASBP/A strain. This construct
robustly expressed DMRT1 protein in vitro, as assessed by immu-
noﬂuorescence (Smith et al., 2009). High quality RCASBP-DMRT1
DNA was prepared from overnight bacterial cultures using the
Nucleobond Maxiprep kit according to the manufacturer’s instruc-
tions. DNA was used at ﬁnal concentration of 1 mg/mL, diluted in
electroporation mix (EP) (1.3% Fast Green, 0.16% carboxymethyl
cellulose, 1 mMMgCl2, in PBS). For in ovo electroporation, embryos
were pre-incubated at 37.8 1C to day 2.3, equivalent to the
Hamburger and Hamilton (HH) stages 14–16 (Hamburger and
Hamilton, 1992). A small hole was cut in the eggshell and
approximately 0.5 mL DNA in EP was injected into the left coelomic
cavity. Electrodes were placed beneath the left underside of the
embryo and dorsolaterally on the upper right side. An electric
current was then applied using a BTX square electroporator under
the following conditions: 40 V, 2 pulses of 150 ms each, with a
10 ms pulse interval. Control embryos were either not electro-
porated or electroporated with RCASBP-EGFP prepared as above.
Eggs were sealed with clear tape and incubation was resumed
until harvesting. Experiments were repeated at least three times
and involved at least 50 embryos for each experiment. Embryo
survival was initially high (over 70%) but declined over time to
around 40% by day 7.5. Embryos were harvested at embryonic days
5.5 (HH28), 6.5. (HH30) and 7.5 (HH32). Immunostaining tissues
with viral p27 antibody, which detects a viral epitope, conﬁrmed
RCASBP infection in left (electroporated) gonads but not the right
(non-electroporated control) gonads. The left gonad was chosen
for electroporation due to the asymmetrical development of
female gonads in chicken; only the left gonad develops into a
functional ovary, while the right ultimately regresses.
PCR sexing
Control embryos and those over-expressing DMRT1 were dis-
sected at the indicated time points. For genetic sexing of embryos,
a small piece of limb tissue was digested in PCR compatible
Proteinase K buffer and the genomic DNA was used for rapid
PCR sexing (Clinton et al., 2001). By this method, only females
show a W-linked repetitive element of the XhoI class. Ampliﬁca-
tion of 18S rRNA in both sexes served as an internal control.
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Immunoﬂuorescence
Control and DMRT1 over-expressing tissues were ﬁxed for
15 min in 4% PFA/PBS at room temperature, prior to processing
for tissue section immunoﬂuorescence, as described previously
(Smith et al., 2003). Controls comprised either uninfected stage-
matched embryos, or those infected with RCASBP-EGFP. At least
three embryos per time point and/or treatment were examined.
Since the embryonic gonad is elongated and sausage-shaped,
serial longitudinal sections were cut, which allowed a more
thorough analysis of over-expression along the length of the
gonad, compared with transverse sections. Brieﬂy, 10 μm sections
were cut on a cryostat, permeablised in PBSþ1% Triton X-100 and
blocked in PBSþ2% BSA for 1 h. Primary antibodies were added
overnight at 4 1C and were either raised in-house (rabbit anti-
chicken aromatase at 1:5000, rabbit anti-chicken DMRT1 at
1:5000; rabbit anti-HEMGN at 1:300), or were obtained commer-
cially (Charles River Services; rabbit anti-p27 (1:1000), Santa Cruz;
goat anti-human AMH polyclonal (1:1000), Serotec; mouse anti-
ﬁbronectin (1:500), Millipore; goat anti-GFP (1:500), Millipore;
Rabbit anti-human SOX9 (1:6000)). Alexa-ﬂuor secondary anti-
bodies were used (donkey or goat anti-rabbit, mouse or goat 488
or 594; Molecular Probes). Sections were counterstained with
DAPI and images collected on a Zeiss microscope equipped with
ﬂuorescence optics.
Quantitative reverse transcription-PCR (qRT-PCR)
RNA was extracted from isolated gonads, reverse transcribed as
previously described (Smith et al., 2008). Probes were designed
using the UPL Assay Design Center (https://www.roche-ap
plied-science.com) and are as follows. DMRT1 probe 59 together
with forward primer 50-AGC CTC CCA GCA ACA TAC AT-30 and
reverse primer 50-GCG GTT CTC CAT CCC TTT-30; normalising
control HPRT probe 38 together with forward primer 50-CGC CCT
CGA CTA CAA TGAA TA-30 and reverse primer 50-CAA CTG TGC TTT
CAT GCT TTG-30. Analysis was performed using a LightCycler 480
instrument, LC480 master mix and software (Roche). Relative
expression was determined using the comparative CT method
(ΔΔCT), with samples normalised against HPRT and expressed as
fold change relative to the highest expresser. The housekeeping
gene HPRT was used to normalise expression data as the levels of
this transcript remains constant in both sexes throughout the time
points analysed in the current study (data not shown). In addition,
the efﬁciency of each primer/probe combination was determined
and only combinations with efﬁciencies 480% were used.
Results
Chronology of gene expression in developing male gonads
To ﬁrstly deﬁne the onset of key gene expression in the
developing male gonad, staged embryos were assessed by immu-
noﬂuorescence performed on longitudinal sections. At E4.5
(HH25), the gonad is morphologically undifferentiated and
appears identical between the sexes. At this time, DMRT1 protein
was already strongly expressed throughout the medulla of male
gonads (Fig. 1A). It was also expressed in females, but at a lower
level (not shown). None of the other key male markers were
expressed at this time. By E5.5 (HH28), DMRT1 expression con-
tinued to be widespread, while groups of cells were now expres-
sing HEMGN protein, and there was a low level of SOX9 expression
(Fig. 1A). At E6.5 (HH30), the male gonad showed signs of
seminiferous cord differentiation (i.e., organising Sertoli cells).
DMRT1 was strongly expressed, HEMGN and SOX9 were now
strongly and widely expressed and AMH protein was ﬁrst detect-
able through the length of the gonad (Fig. 1A). All of these proteins
localised to the pre-Sertoli and Sertoli cells of the gonadal medulla.
With the exception of DMRT1, none of these proteins were
detectable in female gonads. DMRT1 protein was detectable in
females throughout all time points, but at signiﬁcantly lower levels
than in males.
A similar pattern was observed when transcripts were ana-
lysed. At the mRNA level, DMRT1 was expressed with a male bias
throughout the period of gonadal sex differentiation, from at least
as early as E4.5 (Fig. 1B). HEMGN mRNA was detected as early as
E4.5 (i.e., prior to the protein at E5.5) but at a lower level than
DMRT1 expression. HEMGN expression then became clearly male
up-regulated from E5.5 through E8.5. AMH mRNA was weakly
expressed until E6.5, when expression became strongly male up-
regulated.
DMRT1 and HEMGN proteins both localised in pre-Sertoli cells.
Serial sections of E6.5 gonads showed that DMRT1-positive cells were
widely distributed in the male gonads at E6.5. HEMGN-positive cells
were also distributed throughout the same developing seminiferous
cords (Fig. 2). However, while essentially all pre-Sertoli cells were
DMRT1 positive, not all were HEMGN positive, and the level of
HEMGN expression varied across cells (compare Fig. 2A and B;
consecutive serial sections are shown). The expression of SOX9 and
AMH proteins at the critical time point of E6.5 (stage 30) was also
examined more closely. Previous studies have shown that the AMH
transcripts are ﬁrst detectable before SOX9 transcripts in the embryo-
nic chicken gonad (Oreal et al., 1998; Smith et al., 1999b). However, in
the study described here, at the protein level, SOX9 was detectable
prior to AMH (E5.5 versus E6.5; see Fig. 1). High magniﬁcation view of
male gonads at E6.5 showed that all AMH positive cells within
developing seminiferous cords were also SOX9 positive, but not all
SOX9 positive cells were AMH positive (Fig. 2C, arrows). In addition,
isolated cells were detected that were SOX9/AMH double positive,
indicating that pre-Sertoli cells need not be enclosed in mem-
brane-bound deﬁned cords to express these male markers (Fig. 2,
arrowheads).
Over-expression of DMRT1
For in ovo over-expression, we used the RCASBP retroviral
vector carrying the open reading frame of DMRT1. Robust and
speciﬁc protein expression was conﬁrmed by DMRT1 immuno-
ﬂuorescence of chicken DF1 cells transfected with RCASBP-DMRT1
DNA (data not shown). To test the efﬁcacy of viral-mediated
delivery into the embryonic gonad, E2.5 embryos were electro-
porated with RCASBP-DMRT1 DNA to speciﬁcally target the
developing left gonad, and incubated for 4 days. Resultant viral
infection was veriﬁed by the detection of the viral protein p27 by
immunoﬂuorescence in E6.5 gonads, which showed that the virus
was present in the left gonad and surrounding tissues but absent
from the right gonad, as expected (Fig. 3). Consistent with the
appearance of viral p27 protein, localised DMRT1 over-expression
was also present in the left gonads of females analysed by
immunostaining (Fig. 3).
DMRT1 over-expression in female gonads causes activation of male
pathway genes
To test the effect of DMRT1 over-expression on female devel-
opment, the expression of structural and male pathways genes
was analysed by immunostaining gonads electroporated with
RCASBP-DMRT1. Controls comprised the left gonads of uninfected
embryos, or those infected with RCASBP virus expressing GFP.
Electroporation of left gonads with RCASBPA-EGFP had no overt
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effect upon normal gonadal sex differentiation or marker expres-
sion in either sex. This is shown in Supplementary Fig. 1, and
previously reported by Smith et al. (2009) and Lambeth et al.
(2013). For clarity, and to avoid complications associated with
immunostaining for marker proteins in the presence of GFP
ﬂuorescence, only uninfected control gonads are shown.
Left gonads electroporated with RCASBP-DMRT1 at E2.3 and
examined at E7.5 showed variable over-expression of DMRT1
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Fig. 1. Chronology of gene expression in developing male gonads. The expression of key testis development genes was analysed across several critical stages of sexual
differentiation at both the protein and RNA levels. (A) Immunoﬂuorecent staining of DMRT1 (green), HEMGN (green), SOX9 (green) and AMH (red) expression in E4.5 (HH25), E5.5
(HH28) and E.6.5 (HH32) embryonic gonads. DMRT1 expression shows robust expression from at least as early as E4.5 onwards. Both HEMGN and SOX9 expressions were
expressed from E.5.5 onwards, and AMH expression was detectable at E6.5. (Note that the SOX and AMH were co-stains on the same sections.) (B) Quantitative RT-PCR analysis
comparing expression of DMRT1, HEMGN and AMH mRNA in female and male gonads across stages of embryonic development. All transcripts measured were expressed
dimorphically with higher levels in the male tissues for each. DMRT1 is expressed in a male-biased fashion from E4.5 onwards. HEMGNmRNA is initially expressed at a lower level,
but becomes male biased after DMRT1, and AMH was expressed sexually dimorphically from E6.5. HPRT was used as the normalising control. Error bars represent SEM, n¼3.
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throughout regions of the gonad (Fig. 4A). Some embryos showed
more widespread delivery of the gene than others, which reﬂects the
variable nature of in ovo electroporation. Nevertheless, all electro-
porated embryos showed some level of DMRT1 over-expression
compared to control females. Expression was never as robust as in
control males (Fig. 3A). Over-expression of DMRT1 in male embryos
had no overt effects. However, over-expression of DMRT1 in females
induced localised masculinisation. Staining for ﬁbronectin, which
delineates the basement membrane, revealed a characteristic thick-
ened cortex in the control females. However, the RCASBP-DMRT1
infected gonads lacked a thickened cortex, with a reduction in the
extent of ﬁbronectin expression demarcating the cortical-medullary
boundary (Fig. 4B). This reduced expression of ﬁbronectin at the
cortical-medullary interface is typical of male gonads. (Also compare
the gonads shown in Fig. 4A, in which the cortical ﬁbronectin
expression is robust in the control female, but less well-deﬁned in
the control male or female over-expressing DMRT1.) In control
females at E7.5, the medullary zone is characterised by numerous
lacunae, which are ﬂuid ﬁlled cavities within the interior part of the
gonad (Fig. 4B, arrows). In contrast, in female gonads over-expressing
DMRT1, lacunae were far less frequent. Instead, medullary cords took
on a solid, male-like anastomosing appearance (Fig. 4B, asterisks).
Fig. 2. Localisation of key testis pathway proteins in developing male gonads. Immunostaining of E7.5 (HH32) male gonads. (A) DMRT1 (green) staining shows widespread
expression in nuclei of Sertoli cells. (B) Serial adjacent section showing HEMGN (green) staining. Expression is also localised to Sertoli cell nuclei, but is of variably intensity
and limited to a subset of cells. (C) Double staining of SOX9 (green) and AMH (red) in developing Sertoli cells, showing that these proteins are co-expressed in the vast
majority of cells (e.g, white arrows). However some cells are SOX9 positive but AMH negative (e.g., white arrowheads).
L.S. Lambeth et al. / Developmental Biology 389 (2014) 160–172164
To conﬁrm that DMRT1 over-expression in female gonads can
induce the testis pathway genes, SOX9 and AMH were then
analysed. Immunostaining on E7.5 control female gonads showed
an absence of both AMH and SOX9 proteins, as expected. In
contrast, both proteins were strongly expressed (and co-localised)
within developing seminiferous cords of control males. In female
gonads over-expressing DMRT1 there was a clear induction in
expression of both SOX9 and AMH (Fig. 5). As in genetic males
(Fig. 2), both SOX9 and AMH localised in the same cells in the
DMRT1-over-expressing female gonads, and there appeared to
some cells that were positive for SOX9 only, but few if any cells
were expressing AMH only (see Fig. 5, high magniﬁcation views).
Because the analysis of E7.5 female gonads showed a clear
induction of SOX9 and AMH proteins, a time course analysis was
carried out on the expression of these genes, as well as the novel
testis factor HEMGN and the key ovarian factor aromatase, in the
context of DMRT1 over-expression. Embryos were electroporated
with RCASBP-DMRT1 at E2.3 and analysed by immunostaining at
E5.5, E6.5 and E.7.5 (HH stages 28, 30 and 32). Analysis of DMRT1
expression showed clear over-expression of this protein in female
gonads at all embryonic stages tested from E5.5 to E7.5 compared
to the control female (Fig. 6). Hence, electroporation at E2.3 can
lead to detectable DMRT1 over-expression from at least as early as
E5.5, prior to the onset of morphological sex differentiation.
To deﬁne the relative timing of male gene expression induced by
DMRT1 over-expression in female gonads, we examined HEMGN,
SOX9 and AMH. The ﬁrst appearance of HEMGN protein in male
gonads occurred at E.5.5 (Fig. 7). In female gonads over-expressing
DMRT1, HEMGN expression was activated in localised patches,
detectable from E6.5 (Fig. 7). Like HEMGN, the appearance of SOX9
positive cells occurred from E6.5 onwards in DMRT1 over-expressing
female gonads (Fig. 8). Immunostaining for AMH showed that this
protein was also induced in E6.5 RCASBP-DMRT1 infected female
gonads; however the levels were very low and it was not until E7.5
that more robust expression was detectable (Fig. 9). Altogether, the
induction of male pathway genes in genetic female gonads was
delayed by approximately 1 day (two stages) relative to their normal
expression in control males.
Aromatase enzyme catalyses oestrogen synthesis and is essen-
tial for ovarian development in chicken. Aromatase is normally
only expressed in female and not male embryonic gonads. Aro-
matase mRNA and protein are expressed from E6.0–6.5 (stages 29
and 30) in female gonads and suppression of DMRT1 by RNAi
results in an induction of its expression in developing male gonads
(Smith et al., 2009). In RCASBP-DMRT1 infected female gonads the
expression of aromatase was analysed by immunostaining
(Fig. 10). Aromatase enzyme expression was disrupted in both
E6.5 and E7.5 gonads, showing clearly reduced levels of expression
compared to the female control (Fig. 10).
Discussion
The data presented here show that elevated DMRT1 expression
is a very early marker of testicular development in the chicken
embryo. In female gonads, over-expression of DMRT1 can induce
the male pathway, by up-regulating HEMGN, SOX9 and AMH
expression, while antagonising the female gene, aromatase. Taken
together with previous studies on DMRT1 knockdown, it is clear
that DMRT1 is both necessary for testis development and is also
capable of inducing this pathway in the avian model, indicating
that it is a key Z-linked testis regulator (Smith et al., 2009).
The chronology of protein expression, both in male gonads
(Fig. 1) and in female gonads over-expressing DMRT1, indicates
that the testicular pathway involves the consecutive expression of
DMRT1 protein, followed by HEMGN, SOX9 and then AMH
proteins. In male gonads, DMRT1 mRNA and protein are already
expressed as early as stage 25 (E4.5), prior to the onset of
morphological gonadal sex differentiation, which occurs over
stages 29 and 30 (E6.0–6.5) (Van Limborgh, 1968; Carlon and
Stahl, 1985). HEMGN is a nuclear protein involved in proliferation
and differentiation of hematopoietic cells and recently implicated
in chicken (but not mammalian) testicular development (Yang
et al., 2001; Nakata et al., 2013). In the chicken embryo, we found
that HEMGN mRNA is ﬁrst detectable at a low level at E4.5 (stage
25), but the protein is ﬁrst detectable from E5.5 (stage 28; Fig. 1).
Both DMRT1 and HEMGN are expressed in the medullary cord
cells of male embryos, within the pre-Sertoli cell lineage. Pre-
Sertoli cells are the ﬁrst cell type to differentiate in the developing
testis, and they are thought to send organising signals to other
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Fig. 3. DMRT1 over-expression via in ovo electroporation of embryonic female gonads. Immunostaining for the RCASBP viral antigen p27 (green) or DMRT1 (green) on E6.5
left female gonads electroporated with RCASBP-DMRT1 (magniﬁcation 10 ). The left panel shows widespread infection of RCASBP-DMRT1 throughout the left gonad (Lg)
and an absence in the control (unelectroporated) right gonad (Rg). The right panel shows that DMRT1 over-expression correlates to the appearance of viral p27 antigen, as
the Lg is DMRT1 positive whereas the Rg is negative for DMRT1 protein.
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nascent cell types. Hence, this lineage of cells is responsible for
directing testis formation. Over-expression of DMRT1 in female
gonads caused localised ectopic expression of HEMGN, where it is
not normally detected (Fig. 7 and (Nakata et al., 2013)). This
indicates that DMRT1 can activate hemogen, either directly or
indirectly.
However, comparing adjacent tissue sections of E5.5 and E7.5
gonads, it is clear that DMRT1 is strongly expressed in essentially
all pre-Sertoli cells, while HEMGN expression is variable within
pre-Sertoli cells (Fig. 2). This heterogeneity in expression level is
unlikely to be controlled solely by DMRT1, which is robustly
expressed throughout. The early expression of DMRT1 protein at
E4.5, at least 1 day prior to HEMGN at E5.5, also points to other
intervening factors also being involved in HEMGN regulation.
Nakata et al. (2013) reported that over-expression of HEMGN
caused up-regulation of DMRT1 mRNA in female (ZW) gonads,
implying a positive regulatory feedback loop between these two
male factors. Both DMRT1 and HEMGN are located on the Z sex
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Fig. 4. Structural effect of DMRT1 over-expression on gonadal development. Immunostaining on E7.5 left control gonads and left female gonads electroporated with RCASBP-
DMRT1. All images were captures at the same exposure. (A) DMRT1 (green) and ﬁbronectin (red) staining. Control females (not electroporated) show a low level of DMRT1
expression throughout the gonad, and a thickened ﬁbronectin positive basement membrane between the outer cortex and underlying medulla. In male controls, DMRT1
expression is higher and localised to developing seminiferous cords, while the ﬁbronectin layer is weaker. DMRT1 is over-expressed in female gonads infected with RCASBP-
DMRT1, and the ﬁbronectin layer is less well-developed than in the control female. (B) Fibronectin (red) and DAPI (blue) staining in control versus DMRT1-over-expressing
female left gonads. In the control, numerous lacunae are evident in the medulla (e.g., arrows), while the ﬁbronectinþ basement membrane is extensive (white arrowheads)
and the outer cortex beyond the BM is clear. In the female gonad over-expressing DMRT1, medullary lacunae are far less frequent, but medullary cells are arranged instead in
a seminiferous cord like pattern (asterisks). Fibronectinþ basement membrane is less well developed (arrowhead) and the cortex itself is noticeably thinner.
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Fig. 5. Effect of DMRT1 over-expression on testis development pathway gene expression. Immunostaining for male genes SOX9 (green) and AMH (red) in non-electroporated
control versus RCASBP-DMRT1 infected E7.5 gonads (10 magniﬁcation). Neither SOX9 nor AMH proteins are detectable in left female control gonads, but both are highly
expressed in developing seminiferous cords of control males. In left female gonads electroporated with RCASBP-DMRT1, scattered SOX/AMH positive cells are detected
throughout the gonad, some in cord-like arrangement (e.g., white arrows). High magniﬁcation views of two regions show that most DMRT1-eletroporated female cells are
positive for both SOX9 and AMH, although there are several that are only SOX9þ (arrows). Only occasional cells could be detected that were only potentially AMHþ
(arrowheads).
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Fig. 6. Timecourse of DMRT1 over-expression in developing female gonads. Immunostaining of DMRT1 (green) on E5.5, E6.5 and E7.5 female gonads electroporated
with RCASBP-DMRT1 (magniﬁcation 20 ). Over-expression of DMRT1 is evident from E4.5 onwards in female gonads infected with RCASBP-DMRT1, relative to
non-electroporated male and female controls.
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Fig. 7. Timecourse of the effect of DMRT1 over-expression on Hemogen expression in developing female gonads. Immunostaining of HEMGN (green) on E5.5, E6.5 and E7.5
female gonads electroporated with RCASBP-DMRT1 (magniﬁcation 20 ). Induction of some hemogen expression is evident in E6.5 and E7.5 female gonads infected with
RCASBP-DMRT1, relative to controls males, in which HEMGN is expressed, and control females, in which no HEMGN protein can be detected.
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Fig. 8. Timecourse of the effect of DMRT1 over-expression on SOX9 expression in developing female gonads. Immunostaining of SOX9 (green) on E5.5, E6.5 and E7.5 female
gonads electroporated with RCASBP-DMRT1 (magniﬁcation 20 ). Induction of SOX9 expression is evident in E6.5 and E7.5 female gonads infected with RCASBP-DMRT1.
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chromosome, and are therefore candidate master regulators. The
earlier onset of DMRT1 expression, together with its ectopic
activation of HEMGN, suggests that DMRT1 lies upstream of
HEMGN in the male pathway. However, this awaits conﬁrmation
through the comparative analysis of DMRT1 versus HEMGN knock-
down gonads.
Over-expression of DMRT1 in female gonads also induced SOX9
and AMH protein expression, both hallmarks of testis development.
In the chicken embryo, SOX9 is normally expressed only in male
gonads (Kent et al., 1996; Smith et al., 1999b) where it is presumed to
have the same essential role in testis differentiation as it has in
mammals. Activation of SOX9 in male gonads is therefore a critical
step in the initiation of testis development. Ectopic expression of
SOX9 following DMRT1 over-expression provides a functional link
between these two genes. However, this is likely to be indirect, given
that endogenous DMRT1 protein expression is detected in E4.5 (HH
stage 25) gonads, at least 1.5 days and four developmental stages
before SOX9 protein induction at day 6.0 (stage 29) in male embryos
(Fig. 1 and see also (Smith et al., 2005)). Previous studies have
identiﬁed a putative DMRT consensus binding site within the
enhancer of SOX9, conserved across tetrapods, including chicken
(Bagheri-Fam et al., 2010). However, the activity of this binding site
has not been proven experimentally. Alternatively, there is evidence
that HEMGN may activate SOX9. HEMGN protein expression begins
within the appropriate developmental window, after DMRT1 and
before SOX9, while over-expression of HEMGN in female gonads
induces SOX9 transcription (Nakata et al., 2013).
Anti-Müllerian Hormone (AMH) is a key marker of testis
development, being synthesised and secreted from Sertoli cells
at the time of sexual differentiation. A number of previous studies
have shown that, unlike in mammals, the onset of AMH mRNA
expression is initiated before SOX9 mRNA expression in the male
chicken gonad (Oreal et al., 1998; Smith et al., 1999b). Further-
more, low level AMH mRNA is also expressed in female gonads,
despite the absence of SOX9 expression (Oreal et al., 2002). These
data indicate that SOX9 does not activate AMH gene transcription
(although it could up-regulate mRNA expression later). In the
study described here, we ﬁrst detected AMH protein at stage 29/30
(day 6.5), well after AMH mRNA is ﬁrst detected (E4.5) (Smith
et al., 1999b) but immediately after the ﬁrst appearance of SOX9
protein (E6–6.5, see Fig. 1, and also (Smith et al., 2005)). Further-
more, over-expression of DMRT1 in female gonads caused activa-
tion of SOX9 protein followed by AMH protein. Double staining
showed that this occurred in the same cells (see Fig. 5, high
magniﬁcation images). We could never detect any endogenous
AMH protein in female gonads by immunoﬂuorescence. It is
possible that the antibody used here was not sensitive enough to
detect low-level AMH protein in females or in male gonads earlier
than E6.5, although this seems unlikely. Therefore, considering
both the mRNA and protein data, it appears that AMH mRNA is
transcribed but not translated in the early gonads until SOX9
protein facilitates its translation. The early activator of AMH mRNA
expression remains unclear, but DMRT1 is a good candidate, given
that both mRNAs are expressed in very early gonads of both sexes,
with expression higher in males. In summary, the over-expression
data suggest that DMRT1 induces SOX9 protein, which then
induces AMH. This may be mediated indirectly via HEMGN.
However, this induction in female gonads was delayed relative to
the normal temporal expression patterns seen in males. This may
reﬂect the fact that a sufﬁcient level of DMRT1 over-expression
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Fig. 9. Timecourse of the effect of DMRT1 over-expression on AMH expression in developing female gonads. Immunostaining of AMH (red) on E5.5, E6.5 and E7.5 female
gonads electroporated with RCASBP-DMRT1 (magniﬁcation 20 ). Induction of AMH expression is evident in E7.5 female gonads infected with RCASBP-DMRT1, relative to
non-electroporated control male and female left gonads.
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must be achieved to induce HEMGN, SOX9 and AMH, which points
to a dosage effect.
In addition to facilitating the male pathway, elevated DMRT1
expression acts to repress the female pathway, as assessed by
aromatase expression (Fig. 10). Aromatase enzyme catalyses oes-
trogen synthesis from androgenic substrates, and is required for
ovarian development in birds (Elbrecht and Smith, 1992; Vaillant
et al., 2001). Accordingly, aromatase protein is only expressed in
female embryonic chicken gonads, from E6.0 (stage 29), the onset
of morphological sexual differentiation (Smith et al., 1997, 2005;
Nomura et al., 1999; Nishikimi et al., 2000). We have recently
reported that the over-expression of the aromatase gene alone is
sufﬁcient to induce complete ovarian development in genetically
male (ZZ) chicken embryos (Lambeth et al., 2013). DMRT1 knock-
down in male gonads causes robust and widespread activation of
aromatase expression and feminisation (Smith et al., 2009). This
indicates that DMRT1 acts to repress aromatase during testicular
development. The results obtained here are consistent with this
idea, and in agreement with studies showing a direct link between
the two genes in mouse gonads (Matson et al., 2011). Over-
expression of DMRT1 in female gonads caused localised reduction
in aromatase enzyme expression (Fig. 10). This effect may be direct
or indirect, possibly via inhibition of the putative regulator of
aromatase, FOXL2 (Govoroun et al., 2004). We did not examine
FOXL2 expression, but this is worth testing. There is a mutually
antagonistic relationship between DMRT1 and aromatase in the
avian embryo. Inhibition of aromatase with the drug fadrozole
causes masculinisation of female chicken gonads, characterised by
up-regulation of DMRT1 expression and seminiferous cord orga-
nisation (Smith et al., 2003).
The exact mechanism underlying avian gonadal sex differentia-
tion is still not completely understood. Although the W chromo-
some may harbour a dominant acting ovary determinant, no clear
candidate gene has emerged, despite our recent thorough RNA-seq
analysis of early gonads (Ayers et al., 2013). More likely it is a
molecular mechanism based on the lack of global Z gene dosage
compensation in birds (Clinton et al., 2012). Under this model,
gonadal differentiation is controlled by a Z-linked gene/s that
escapes dosage compensation and is more highly expressed in
males. DMRT1 is such a gene. Indeed, the results described here
support the proposal that DMRT1 expression dosage is important.
In normal embryos, DMRT1 is expressed in the medullary cord
cells of both sexes, but always more highly in males (Fig. 1; see
also (Smith et al., 1999b)). Here, we used in ovo electroporation of
viral vectors to deliver exogenous DMRT1 expression into female
gonads. This resulted in variable over-expression in female gonads,
to a level higher than endogenous DMRT1 expression in females
but generally lower, or less widespread, than in normal males
(Figs. 3 and 4). Electroporation typically yields variable expression
of exogenous genes in embryonic chicken tissues, although the
RCASBP viral vector used here has the ability to spread horizon-
tally to neighbouring cells following initial transfection. Within
female gonads over-expressing DMRT1, areas of higher exogenous
DMRT1 delivery correlated with activation of SOX9 and AMH
protein. This supports the idea that a threshold level of DMRT1
may be required for activation of male pathway genes. This would
be achieved in normal males (ZZ) but not in females (ZW). This
could be tested by using a quantitative measure of DMRT1 over-
expression in female gonads (qRT-PCR). This was not possible here,
because delivery of DMRT1 was always variable, from minor to
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Fig. 10. Timecourse of the effect of DMRT1 over-expression on aromatase expression in developing female gonads. Immunostaining of aromatase (green) on E5.5, E6.5 and
E7.5 female gonads electroporated with RCASBP-DMRT1 (magniﬁcation 20 ). A reduction in aromatase expression is evident in E6.5 and E7.5 female gonads infected with
RCASBP-DMRT1 compared to the equivalent control female. Aromatase is not expressed in male gonads.
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extensive, and whole gonad PCR of pooled tissues would lack the
required sensitivity. Rather, immunoﬂuorescence on serial long-
itudinal sections through the gonad produced the most informa-
tive data, especially with regard to the regional co-localisation of
gene expression.
In summary, this study shows that DMRT1 can induce male
pathway genes and inhibit female genes in the embryonic chicken
gonad. A previous work has shown that DMRT1 is necessary for
activation of the male pathway in the chicken embryo. The current
study extends this ﬁnding by showing that this gene is also able to
induce important male pathway genes. Being Z-linked and not
subject to dosage compensation, DMRT1 acts as a dose-dependent
regulator of avian gonadal sex differentiation.
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